INTRODUCTION
Early-generation drug-eluting stents (DES), sirolimus-eluting stents (SES) and paclitaxel-eluting stents (PES) appeared to be very effective at reducing the rates of restenosis and target lesion revascularisation compared with bare metal stents. [1] [2] [3] [4] However, stent thrombosis (ST), which causes acute coronary obstruction and could lead to myocardial infarction (MI) or sudden cardiac death, was found to be an infrequent but devastating complication of DES. Multiple randomised trials showed a comparable incidence of ST in DES compared with bare metal stents up to 1 year after the percutaneous coronary intervention (PCI). [5] [6] [7] However, ST occurring more than 1 year after the index PCI, which is mainly caused by delayed healing in combination with other clinical and procedural risk factors of the stented coronary segment, [8] [9] [10] [11] appeared as a serious complication of DES stents. More recently, several randomised-controlled trials have shown a reduction in the incidence of ST occurring more than 1 year after the index PCI with newer-generation DES, releasing everolimus (ie, everolimus-eluting stents (EES)), [12] [13] [14] which may have a favourable effect on cardiac death and incident MI. In these stents, everolimus, a sirolimus analogue, is released from a thin coating with more biocompatible polymers and reduced drug dose.
Several studies have identified impaired LV function as a risk factor for mortality, [15] [16] [17] [18] [19] MI, 15 17 ST 17 20 21 and target lesion revascularisation 22 in patients undergoing PCI. It has been suggested that these patients may benefit from DES, 22 especially since patients with impaired LVEF more frequently present with an acute coronary syndrome in case of in-stent restenosis. 23 Since newer-generation EES stents seem to be superior to early-generation DES in an overall population of patients undergoing PCI, [12] [13] [14] it would be useful to provide knowledge about the long-term safety and benefits of newergeneration EES in patients with a reduced cardiac function.
Against this background, we evaluated the longterm incidence of ST and clinical outcomes after PCI with DES in relation to LVEF in the Bern part of the Bern-Rotterdam registry. Second, we studied the performance of the newer-generation DES (EES) compared with the early-generation SES and PES in relation to LV function.
METHODS Study design, patient population and procedures
For the purpose of this study, we used the Bern (Bern University Hospital, Bern, Switzerland) part of the Bern-Rotterdam registry, which has been described before. 12 We only used the Bern part of the registry since systematic data on the LVEF were not available in the Rotterdam part of the study population. The study population we used consisted of 5761 consecutive patients, who underwent 24 A total of 1622 patients were treated with EES (XIENCE V, Abbott Vascular, Santa Clara, California, USA; or PROMUS, Boston Scientific, Natick, Massachusetts, USA), which has been part of the usual care since 1 November 2006 and implanted on a daily basis alternating with biolimus-eluting stents and zotarolimus-eluting stents. Patients with EES were included until 31 March 2009. Patients were excluded from the registry if more than one stent type was implanted during PCI. The nature of this study was observational and the procedure, periprocedural and postprocedural medication regimen, was performed according to current practice guidelines. The diameter of EES and PES was 2.25-4.0 mm, and the diameter of SES was 2.25-3.5 mm. The length of all stents started at 8 mm, with a maximum length of 28 mm of EES, 33 mm of SES and PES had a maximum length of 32 mm. All patients received a loading dose of clopidogrel 300-600 mg during or immediately after PCI and a lifelong prescription of daily aspirin. Clopidogrel was prescribed for duration of at least 12 months. Glycoprotein IIb/IIIa antagonists were used at the discretion of the clinician.
The registry was approved by the local ethics committees and was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all patients.
LV function
Baseline LVEF was routinely assessed by LV angiography at the time of coronary angiography and determined by visual estimate. The visual estimate was performed by two experienced cardiologists. First by a fellow interventional cardiology, and this was subsequently verified or overruled by an attending senior invasive cardiologist. The estimate was based on the average of the right anterior oblique and left anterior oblique projection. Cineangiography was usually performed at 15 frames per second during injection of at least 30 mL contrast agent at a rate of 10 mL per second. Attention was paid to left ventricular size, overall contractility, any wall motion abnormalities and presence of mitral regurgitation. All senior invasive cardiologists perform yearly more than 500 coronary angiographies and the experience of a fellow interventional cardiology evolves over time. On average, a fellow interventional cardiology performs more than 800 cases in 1 year.
We divided patients into three different categories: (1) normal LVEF (>50%), (2) mildly impaired LVEF (>40-≤50%) or (3) moderate-severely impaired LVEF (≤40%), which corresponds with generally accepted thresholds. 15 19 25 LVEF was available in 5446 (94.5%) patients in the Swiss centre. Further analysis was performed only on patients with available LVEF.
Study endpoints
In Bern, follow-up lasted until 1 February 2007 in patients with SES or PES implantation and patients who received EES were followed up until 1 February 2010. Thus, the follow-up observation was up to 4 years in these subjects. Survival status was obtained from hospital records and municipal civil registries. Patients were actively followed up on adverse cardiac events by questionnaires that were sent to patients including questions on rehospitalisation and major adverse cardiac events. Medical records, discharge letters and coronary angiography documentation were collected and reviewed in patients with suspected events.
Primary endpoint: definite ST
Definite ST was the primary endpoint of our study, which was defined in agreement with the definitions of the Academic Research Consortium (ARC). 26 We further classified the endpoint according to its timing (again in agreement with ARC): early ST (EST) (0-30 days after stent implantation) and late ST (LST) (>30 days). An independent clinical event committee adjudicated all suspect ST events. The committee members were not informed on the type of stent implanted.
Secondary endpoints
Secondary endpoints comprised adverse clinical events, including death from any cause, cardiac death, MI, as well as definite or probable ST.
Cardiac death was defined as any death from an immediate cardiac cause, procedure-related death, unwitnessed death and death with an unknown cause. MI was defined as increased creatine kinase >2 times the upper limit of the normal value and >3 times the upper limit of the normal value of creatine kinase-MB in combination with ischaemic changes on ECG. All suspect clinical events were adjudicated by the cardiologists who were affiliated with the institutions in which the patients were treated.
Statistical analysis
Categorical baseline and procedural variables are presented as counts and percentages, whereas differences between the three LVEF groups are evaluated by Pearson's χ 2 test or Fisher's exact test, as appropriate. Continuous variables are presented as mean±1 SD, in case of a normal distribution, or as median, first and third quartiles, in case of a non-normal distribution. Differences between the LVEF groups were evaluated by applying analysis of variance, Student t test, Kruskal-Wallis test and Mann-Whitney U test, as appropriate.
The incidence of the primary and secondary endpoints during follow-up in relation to LV function was evaluated according to the Kaplan-Meier method in combination with log-rank tests and by Cox proportional hazard regression analysis. Multivariable Cox models were developed to adjust the relation between LVEF and outcome for potential confounders. Baseline (clinical and procedural) characteristics that had a statistically significant (p<0.05) relation with the endpoint were entered into the model. No model reduction strategies were applied. We report adjusted HRs (aHRs) and their 95% CIs. All events were only counted once.
Subsequently, we studied the relation between DES types and the study endpoints in relation to LV function. For this purpose, we used a method that our research group applied previously. 12 We estimated propensity scores for receiving EES using a logit model that included age, sex and pretreatment variables associated with stent selection at p<0.10: family history of coronary artery disease, acute coronary syndrome, cardiogenic shock and body mass index. Propensity scores were used to derive the inverse probability of treatment weights, with the inverse of the propensity score as analytic weights in EES patients and the inverse of 1 minus the propensity score in early-generation DES patients. Comparisons between DES types were performed with the Cox model. Adjusted HRs were calculated with the inverse probability of treatment weights as analytical weighing factors. All Cox proportional hazard assumptions were visualised using the graph of the log (−log(survival)) versus log of survival time graph and tested with Schoenfeld residuals. Interaction terms between LVEF and DES type were added to evaluate homogeneity of the effect of DES type on the study endpoints in relation to LV function. 
Baseline and procedural characteristics
We observed several differences in clinical baseline and procedural characteristics between the three LVEF groups (table 1) . Most notable were the differences in age, hypertension, body mass index, family history of coronary artery disease, smoking status, dyslipidemia and renal failure. Patients with a moderateseverely impaired or mildly impaired LVEF presented more often with an acute coronary syndrome (74.7% and 74.0%, respectively) than patients with a normal LVEF (41.1%). Only patients with an impaired LV function presented with cardiogenic shock (0.9% in the mildly impaired LVEF group and 5.8% in the moderate-severely impaired LVEF group).
Remarkable were the differences in number of patients undergoing multivessel treatment, stent diameter and length, number of stents implanted, use of glycoprotein IIb/IIIa and discharge medication. Normal LVEF patients more frequently had PES or SES implanted compared with more EES use in moderateseverely impaired LVEF patients. In the moderate-severely impaired LVEF group, the culprit vessel was more frequently the left main or left anterior descending artery, whereas relatively more normal LVEF patients culprit lesions in the left circumflex or right coronary artery. Baseline and procedural characteristics of all patients sorted by stent type are presented in the supplemental table.
Study endpoints in relation to LV function
The study endpoints are presented in table 2. Definite ST occurred in 123 (2.3%) patients and definite/probable ST occurred in 331 (6.2%) subjects. No patient had multiple STs. In general, patients with impaired LV function had a higher incidence of ST. In particular, patients with a moderate-severely impaired LVEF had a higher incidence of definite ST (aHR 1.82; 95% CI 1.10 to 3.00; p value 0.02) and definite/probable ST (aHR 1.86; 95% CI 1.30 to 2.66; p value 0.001) than patients with a normal LVEF. This difference was based on higher EST rates in moderate-severely impaired LVEF patients (aHR 2.20; CI 1.06 to 4.53), whereas LST rates did not significantly differ (aHR 1.34; CI 0.72 to 2.50).
The incidence of clinical endpoints was also clearly associated with LV function. Specifically, more patients in the moderateseverely impaired LVEF group died (aHR 2.09; CI 1.60 to 2.73). A similar difference in clinical outcome was found in the incidence of cardiac death (aHR 2.58; CI 1.85 to 3.58). The occurrence of MI between was equal in the various LVEF groups.
LV function, stent type and study endpoints Table 3 and figure 1 show the relationship between DES type and study endpoints. In general, patients who received EES had a lower incidence of ST than patients receiving PES or SES, although statistical significance could not be demonstrated for all endpoints. Differences between EES and PES were most pronounced. These observations were consistent in the three groups of patients according to LVEF. In particular, patients treated with EES had a lower incidence of definite ST than those treated with PES (aHRs 0.15, 0.13 and 0.12 for those with a normal, mildly impaired and moderate-severely impaired LVEF, respectively) and a lower incidence of definite/probable ST (aHRs 0.47, 0.65 and 0.52). Moderate-severely impaired LVEF patients had significantly higher rates of definite ST when using PES ( p=0.04) and a trend towards a higher incidence of ST when using SES ( p=0.07), whereas ST rates were similar in both LVEF groups when using EES ( p=0.34) (figure 2).
Most noteworthy concerning the differences in incidence of clinical endpoints between the DES types is the difference in the incidence of MI between patients treated with EES and those treated with PES (aHR 0.50, 0.65 and 0.19). The graph of the log(−log(survival)) versus log of survival time graph resulted in parallel curves, and Schoenfeld residuals indicated Cox proportional hazard assumptions were not violated.
None of the LVEF * DES type interaction terms were significant in the multivariate analyses that we applied. Thus, we did not reveal any indication of heterogeneity in the relation between DES type and the study endpoints according to LV function.
DISCUSSION
This large observational cohort study with long-term follow-up of patients undergoing PCI with early-generation DES or newergeneration EES shows us that (1) impaired LV function was associated with increased risk of ST; (2) newer-generation EES was associated with a reduced risk of ST compared with earlygeneration DES; (3) the association between relative reduction of ST and EES was independent of LVEF and (4) EES seemed especially associated with reduced LST rates in patients with a normal LVEF, while the lower ST rates in the mildly impaired and moderate-severely impaired LVEF groups seemed unrelated to the timing of ST.
Our findings concerning the association between increased risk of ST and patients with impaired LV function are consistent with earlier findings. 17 20 21 Although the exact cause of the higher rate of ST in patients with reduced LV function remains unclear, it has been suggested that a decrease in LVEF is associated with impaired blood flow through the stented coronary artery, increasing the risk of ST. 27 In this study, the overall risk of ST in patients with impaired LVEF was increased by 61% compared with patients with a normal LVEF and by 13% compared with patients with a mildly impaired LVEF. Interestingly, a moderate-severely impaired LVEF did not seem to be associated with LST, but the difference in overall ST rates seems to be due to the strong association between the increased risk of having EST and a moderate-severely impaired LVEF compared with patients with a normal LVEF (a moderate-severely impaired LVEF was associated with a 120% increased risk of having EST). Sardi et al found an increase in the risk of ST with a HR of 2.56 (CI 1.44 to 4.55) when comparing patients with a LVEF of 25-40% to patients with a normal LVEF during 1-year follow-up, which is somewhat higher than the increase in the risk of ST we found in patients with a moderate-severely impaired LVEF of ≤40% at 1 year (HR 1.84; CI 1.01 to 3.34), but CIs are overlapping. 17 Van Werkum et al also found considerably higher ST rates in patients with impaired systolic LV function (HR 2.27; CI 1.43 to 3.60), but they defined impaired cardiac function as LVEF <30%. 21 A LVEF <30% is substantially lower than a LVEF ≤40%. Since a poorer LVEF seems to increase the risk of ST, a higher HR in this study is in line with expectations.
Patients with a moderate-severely impaired LVEF treated with different kinds of DES also had higher all-cause mortality and cardiac mortality risk compared with normal LVEF patients. A trend towards a higher risk of MI was found in patients with a moderate-severely impaired LVEF. Our findings regarding the relationship between a reduced LVEF and the increased mortality, [15] [16] [17] [18] and risk of MI, 15 17 are also consistent with earlier findings. Mortality and cardiac mortality seem to increase as LVEF drops. In the moderate-severely impaired LVEF group, overall 1-year mortality was 11.8% and 11.3% in patients who had EES implanted. The 1-year mortality rates in this group are comparable to earlier findings. 15 17 Patients with a mildly impaired LVEF and normal LVEF showed 1-year mortality rates of 4.4% and 1.8%, respectively. This is the first study that specifically compared the outcome of early-generation DES stents, SES and PES, compared with newer-generation EES in patients with a varying systolic cardiac function, in a registry with long-term follow-up observation to 4 years. This registry has the advantage that it consists of consecutive patients, has long-term follow-up and is not a post hoc analysis of a large randomised-controlled trial, which apply specific inclusion criteria that complicates extrapolation of their results to the more diverse, real-life population of patients.
The study shows that EES is associated with lower ST rates compared with early-generation DES, irrespective of LV function. Interestingly, when comparing the difference in definite overall ST rates between patients with a moderate-severely impaired LVEF versus normal LVEF per stent, we found statistically higher ST rates in patients using PES and a trend towards higher ST rates when using SES, but no differences in the incidence of ST when found using EES. On the other hand, we found no interaction when comparing EES to early-generation DES in various LVEF groups. It could be possible that the event rate in our study population of patients using EES was too low to show interaction. Another explanation could be the fact that a moderate-severely impaired LVEF seemed to be especially associated with increased risk of EST, whereas EES, a sirolimus derivate, with more biocompatible polymers and reduced drug dose, seemed predominantly associated with lower LST and very late ST rates compared with early-generation DES. [12] [13] [14] Although EES also seems superior in preventing EST compared with early-generation DES. 12 13 The findings of this study can be used in clinical practice when performing a PCI in patients with systolic dysfunction. The study emphasises the known fact that EES is superior to earlygeneration DES, but also shows that whether systolic dysfunction is present or not, EES remains superior even after 4 years. When performing PCI on patients with a reduced LVEF, the executive physician should keep in mind that these patients have higher ST rates, in particular EST, higher incidence of MI and higher mortality rates. Despite these improved lower ST rates achieved by using EES, more efforts and research to improve ST and mortality rates is mandated to improve the outcome of patients with a reduced systolic cardiac function undergoing PCI.
Limitations
Several issues concerning this study warrant further consideration. First of all, the ST event rate was quite low, especially in EES patients. This low event rate may have caused a lack of power to show significant differences.
The use of LVEF, which was performed angiographically, using biplane assessment by visual estimate, is inherently an issue since reproducibility of this method may be questioned. To accommodate this limitation, we divided all study patients in Clinical outcome numbers are expressed as counts (number of events/month/100 patients). Adjusted risk ratios were calculated with the inverse probability of treatment weights as analytical weighting in Cox proportional hazards models. EES, everolimus-eluting stent; MI, myocardial infarction; PES, paclitaxel-eluting stent; SES, sirolimus-eluting stent; ST, stent thrombosis.
three different LVEF categories to reduce the effect of measurement discrepancies in LVEF assessment. Furthermore, there were differences in baseline characteristics between patients who had been stented with EES, SES and PES after PCI and no randomisation was performed.
These differences in baseline characteristics had to be adjusted for using the inverse probability of treatment weighting, as we did before, 12 to minimise a potential bias. Also, follow-up at 4 years was not complete in patients treated with EES and PES. Another issue that should be taken into account is the fact that a primary arrhythmia causing death within 30 days would full the ARC criteria for probable ST, 26 which withholds us from distinguishing between sudden death due to ST and a primary arrhythmia. This may consequently have influenced our results. Figure 2 Kaplan-Meier hazard curve of overall definite stent thrombosis-overall definite stent thrombosis in patients with a moderate-severely impaired vs normal LVEF of patients with (A) paclitaxel-eluting stents, (B) sirolimus-eluting stents and (C) everolimus-eluting stents.
PCI strategies have improved over time, which may have contributed to an improved outcome among patients with EES, compared with patients with early-generation DES.
Other limitations of this study are related to the database, and these limitations have been reported before. 12 
CONCLUSION
Newer-generation EES was associated with a reduced risk of ST compared with early-generation DES, even after long-term follow-up of up to 4 years, regardless of LVEF. The relative reduction found was independent of LVEF, even though ST rates were higher in patients with a moderate-severely impaired LVEF. This association between reduced ST rates and a normal LVEF using EES was predominantly based on lower LST rates, whereas the lower occurrence of ST achieved by EES in patients with a reduced LVEF seemed unrelated to the timing of ST. Finally, all-cause mortality and cardiac mortality rates seem to be inversely related to LV function.
Key messages
What is already known on this subject? Drug-eluting stents (DES), sirolimus-eluting stents (SES) and paclitaxel-eluting stents (PES) reduce the rates of restenosis and target lesion revascularisation compared with bare metal stents. Stent thrombosis (ST), especially late ST, is an infrequent complication of DES. Newer-generation DES, releasing everolimus (ie, everolimus-eluting stents (EES)), have shown reduced (late) ST rates after percutaneous coronary intervention (PCI). Additionally, an impaired LVEF is a risk factor for ST.
What might this study add?
The current study shows that newer-generation EES was associated with a lower risk of ST compared with early-generation DES, even after follow-up of up to 4 years. The relative reduction of ST found was independent of LVEF, even though ST rates were higher in patients with a moderateseverely impaired LVEF.
How might this impact on clinical practice?
In our study, EES was associated with lower ST rates compared with older-generation DES, whether or not a patient has systolic dysfunction. The knowledge provided about the long-term safety and benefits of newer-generation EES in patients with a reduced cardiac function may suggest that EES should be the preferred stent when performing a PCI in patients with systolic dysfunction.
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